Alpha-particle resonances are of great importance in nuclear astrophysics as is well known among light nuclei. Even if the resonances occur at energies higher than what is usually available in astrophysical reactions, the resonances might make small but important contributions to reaction cross sections through the mixing of levels. The medium light nuclei 32 S, 34 S and 40 Ca have recently been investigated through elastic scattering of alpha-particles from 28 Si, 30 Si and 36 Ar in inverse kinematics and a very rich structure is found in the excitation functions. Data collected at several angles make it possible to find spin values for a majority of the observed resonances. These values point to a rotating cluster structure with the rotational states fragmented into many close lying levels with the same spin value.
Introduction
The importance of nuclear resonances in nucleosynthesis was realised early on and used with great success e.g. by Hoyle et al. to explain the triple-alpha process for forming 12 C [1] . In light nuclei, and especially in light alpha-conjugate nuclei 1 , there are many known strong alpha-particle resonances at relatively low excitation energies.
Moving to nuclei heavier than 16 O the picture becomes more and more complicated. Among these medium light nuclei there are still clear resonances, but they are weaker and usually appear at higher excitation energies, above what is usually considered for astrophysical applications. But resent results for the nuclei 32 S, 34 S and 40 Ca presented in references [2, 3, 4] suggest that relatively narrow resonances exist in a large excitation energy range at least for these n · α and n · α + 2 neutrons nuclei (see figure 1 ).
Experimental methods
When performing resonance scattering experiments there are several techniques to choose from. The simplest setup is that used by Rutherford [5] for his famous experiments where he first discovered the atomic nucleus. This method requires a very thin solid target and an ion source with variable energy. Detectors mounted at backward angles can record the angular distribution of scattered particles to find spin values for observed resonances. This method can give results with 
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Alpha-particle Resonances in Medium Light Nuclei Markus Norrby A relatively unknown method is the Thick-target backscattering technique described in [7] . In this case the setup is very similar to the example above, but instead a target thick enough to slow down the incident beam particles inside the solid material is used. With the help of simulations very good resolution in energy and angle is retained but the steps in beam energy can be much larger, in principle only limited by the energy of the first excited state of the examined nucleus. An example of the method in use is found in [8] where again the reaction α + 28 Si was investigated.
A very effective method that has become quite popular in the last few years is the Thicktarget inverse kinematics technique (TTIK) pioneered by G.V. Goldberg et al. in Moscow [9] . For example, to examine the same α + 28 Si reaction as above, a scattering chamber would be filled with alpha-particles (in practise helium gas) and a beam of 28 Si ions accelerated into the chamber as was done in [2] . If the gas is thick enough to completely stop the beam inside the camber, all possible energies and angles can be reconstructed with the help of simulations using detectors at forward angles. The method is very time-efficient and reliable, even if some resolution is sacrificed. Another advantage is that the chemical difficulties of making a solid target are avoided as long as the isotope under examination is available as a beam.
Results and discussion
The reactions α + 28 Si, α + 30 Si and α + 36 Ar were investigated in a series of experiments using a TTIK setup at the Jyväskylä University cyclotron facility in Finland [11] . The observed resonances were interpreted as highly excited states in the nuclei 32 S, 34 S and 40 Ca respectively. In connection with the analysis of these data the results from a similar experiment examining highly
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Markus Norrby excited states in 36 Ar were re-evaluated [10] . Some of the main results are gathered in table 1 and figure 2 . The data show several interesting features. The very rich structure illustrated in figure 1 is confirmed by the quantitative values in table 1. The resonances are evenly spread out over a large region in excitation energy, and the doubly magic isotope 40 Ca shows twice the density of resonances compared to the other nuclei. The observed resonances are very narrow, corresponding to in many cases level lifetimes several hundred times larger than the transit time of the particles involved in the reaction. The narrow resonances persist up to very high excitation energies, and seem to continue also at low energies close to the Coulomb barrier, where the resolution of the experiments quickly deteriorates. Further studies similar to [12] are needed to clarify the situation closer to the Gamow window. Figure 2 shows a plot of spin (l(l + 1)) and excitation energy for the resonance levels in the investigated nuclei. There is a clear linear trend indicating a quantum mechanical rotation. The very large reduced alpha-particle widths ∑ shown in table 1 already indicate a strong alphacluster component of the highly excited levels. The rotational behaviour further contributes to a cluster interpretation of the results, and the extracted moments of inertia suggest some form of collective rotation where a number of alpha-particles orbit an inert core [13] . It is also interesting to note that, though, the cross section and reduced widths for neutron rich 34 S are lower than for the n · α nuclei, the values are still comparable and the extra neutron pair does not seem to destroy the cluster effects.
The results discussed in this paper show that resonance phenomena are very common in many nuclei. As the trend in the nuclear physics community is to concentrate basic research resources to large scale facilities examining very exotic reactions, there is a definite risk that important research on stable nuclei which could be done using relatively simple methods will be left undone. Experi-
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Markus Norrby mental data on resonances in general and alpha-particle resonances in particular are of importance, not only for nucleosynthesis calculations, but also for developing nuclear structure theory. Hopefully the findings presented above for 32 S, 34 S, 36 Ar and 40 Ca will help inspire a more systematic examination of resonances and clusters in medium-light nuclei.
